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ABSTRACT 
 
A reasonable cause of absence of hump structure in thermal conductivity of MgB2 
below the superconducting transition temperature (Tc) lies in the appearance of multigap 
structure. The gaps of lower magnitude can be suppressed by defects so that this system 
becomes effectively a single gap superconductor. When such a situation is created, it is 
hoped that thermal conductivity (κ) will show hump below Tc. Proceeding along these 
lines, a sample of MgB2 with a relatively higher residual resistivity ρo = 33.8 µΩ-cm has 
been found to show a hump structure below Tc. The actual electronic thermal 
conductivity κel of this sample is less than that expected from the Wiedeman- Franz law 
by more than a factor of 2.6 in the considered temperature range. Modifying the 
Wiedeman- Franz law for the electronic contribution by replacing the Lorenz number 
L0=2.45x10-8 WΩK-2 by an effective Lorenz number Leff (<L0) we have obtained two sets 
of κel, namely those with Leff = 0.1L0 and 0.2L0. Corresponding to these two sets of κel, 
two sets of the phonon thermal conductivity κph are obtained. κph has been analyzed in 
terms of an extended Bardeen- Rickayzen- Tewordt theory. The main result of this 
analysis is that the hump structure corresponds to a gap ratio of 3.5, and that large 
electron-point defect scattering is the main source of drastic reduction of the electronic 
thermal conductivity from that given by the usual Wiedeman- Franz law. 
 
PACS Numbers: 74.70.Ad. 74.25Fy 
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I. INTRODUCTION 
 
The MgB2 superconductor was discovered by Nagamatsu et al [1] in 2001. It 
involves two types of carriers – one corresponding to the two dimensional (2D) σ band, 
and the other corresponding to the three-dimensional (3D) pi band [2]. The dominant 
effect of superconductivity takes place only in the σ band [2], although pi band also takes 
part in the superconductivity [3]. The interaction responsible for the superconductivity is 
the electron-phonon interaction [2, 3]. In the normal state the resistivity of the MgB2 
metal is also caused by the electron-phonon interaction in a defect-free sample [4]. There 
has been an intensive study of almost all the types of physical properties of the MgB2 
superconductor in both the super conducting and normal states, and thus sufficient 
progress has been made to understand the behavior of this compound [5]. In particular, 
the thermal conductivity has been investigated by a large number of workers [6-16] by 
considering various forms of the MgB2 system, like different defect levels, different types 
of doping, and single or polycrystalline samples. The studies of the thermal conductivity 
(κ) of MgB2 made by Sologubenko et al [9,13], Wu et al [15] and Anshukeva et al [16] is 
limited to low temperatures (T ≤ 100K) only and in these studies κ increases with 
temperature T within the considered temperature range. Other authors [6-8, 10-12, 14] 
have studied the thermal conductivity up to much higher temperature range (T ≤ 250K 
[7], T ≤ 275K [10, 11], T ≤ 300K [6, 8, 12, 14]). The general behavior of κ with T is that 
initially κ increases with T attaining a maximum value at some temperature Tmax. The 
values of Tmax are 112 K, 118K, 66K, 66K and 66K for the samples of References [6], 
[7], [8], [10] and [11] respectively. The behavior of the MgB2 sample of Ref. [12] is quite 
complicated, and we have considered only the MgB11-15 sample of Ref. [11]. The 
samples of Ref. [14] does not show any maximum in κ till T = 300K. The MGB-TS 
sample of Ref. [10] also does not show any maximum till 275K. Another general feature 
of κ is that in some cases [6,7,14], κ increases with T near room temperature, while in 
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another cases [8,11] κ continues to decrease after Tmax up to the highest measured 
temperature. 
It is well established that the superconducting state of the MgB2 superconductor 
shows two finite gaps at the Fermi energy at T = 0K [17, 20]. One of these gaps 
corresponds to the σ band, while the other to the pi band. From a superconductor of finite 
gap(s) we expect according to BRT theory [21, 22] a hump below Tc in the thermal 
conductivity. But a weak hump is reported only by Anshukeva et al [16] below Tc, as 
none of the other existing reports [6-15] show a hump structure in thermal conductivity 
below Tc. Various authors interperate the absence of a hump structure in κ below Tc in 
various ways. It has been argued in particular by Sologubenko et al [8] that absence of 
the hump structure is possible if the energy gap is about three times smaller than the 
values given by the original Bardeen-Cooper-Schriffer (BCS) theory [23].  But the 
reported energy gap at zero temperature, 2 ∆(0) is found to be 4.1 kBTc by Chen et al [17], 
and 4.3 kBTc by Lui et al [3] for the σ band.  This means that the superconducting energy 
gap is certainly much larger than one third of the BCS gap 2∆BCS(0) = 3.5kBTc. Other 
possible reason for absence of the hump structure is that the electron-phonon interaction 
is much weaker than phonon-defect scattering.  This is shown to be incompatible with the 
situation that exists in MgB2 [8].  Yet another possible reason is that the phonon 
contribution to the thermal conductivity is small near Tc.  This is also shown incompatible 
with the situation of MgB2 [8].   At present the most reasonable source of absence of 
hump structure below Tc in MgB2 is the possibility MgB2 is a multigap superconductor 
[3, 8]. 
The multigap structure of the superconductivity of MgB2 may correspond to the 
clean limit [3] or dirty limit [24] depending upon the nature of the sample. For a MgB2 
sample of residual resistivity ρo = 2.0 µΩ-cm, Sologubenko et al [8] find ℓ ≈ 800Å. The 
coherence length of the polycrystalline sample of MgB2 is ξ ≈ 52 Å [25].  This means 
MgB2 will no more be in the clean limit if ρo is enhanced by a factor of 15 or more, i.e. if 
ρo ≥ 30µ Ω-cm. When this condition is met we hope the multigap nature of the 
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superconducting state to change to a single-gap case, thereby making it possible to 
observe a hump in κ vs T below Tc.  On these lines we have prepared a sample of MgB2 
with ρo = 33.8 µ Ω-cm, and have indeed observed a clear hump in κ vs T curve below Tc. 
Here it may however be noted that the MGB-TS sample of Putti et al [10] corresponds to 
ρo = 39.0 µ Ω-cm. Despite this these authors have not observed any hump in the thermal 
conductivity below Tc. 
 
II. EXPERIMENTAL DATA 
 
Synthesis of polycrystalline bulk sample of MgB2 is described by Awana et al 
[26]. Micro-structural details and measurements of various physical properties, including 
X-Ray diffraction, magnetization, electrical resistivity and thermal conductivity are also 
described in Ref. [26]. For clarity here we reproduce the behavior of XRD, 
magnetization, electrical resistivity and thermal conductivity in Figs. 1 and 2. The 
resistivity has been measured up to 300K and the thermal conductivity has been 
measured from 18K to 300K. The micro-structural analysis of Awana et al [26] shows 
that the grains of MgB2 have excellent connectivity, and in particular there is no evidence 
of cracks in the system. Thus the present thermal conductivity data corresponds to the 
actual behavior of the MgB2 sample. The fact that the observed thermal conductivity 
appears to be lowest than those of other authors [6–16] does not point to any 
inconsistency. This is because the residual resistivity ρo is much higher in the present case 
than most of the other reports [6-16]. In fact, we found that the present value of ρo is 
comparable to the MGB-TS sample of Putti et al [10] where ρo = 39.0 µ Ω-cm. Thus we 
should compare our κ results with those of these authors only. When we do so, it turns 
out that the values of κ are 3.1 W/m K and 4.5 W/m K at T = 25K and 100K respectively 
in the present case, while the corresponding values of κ for the MGB-TS sample of Putti 
et al [10] are 2.0 W/m K and 6.1 W/m K. Obviously these values are comparable, 
signifying that low value of κ in the present case are due to higher ρo, and not due to 
cracks etc.       
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III. RESULTS AND DISCUSSION 
 
From the magnetization of Fig. 1 we find that the present sample of MgB2 
superconducts at   Tc = 37.3K.  From the peak of the slope dρ/dT of ρ vs T curve of Fig. 2 
we find that Tc = 37.4K.  The hump structure in the thermal conductivity also corresponds 
to Tc = 37.4K.  In the following description we will for specificity take Tc = 37.4K.  The 
resistivity of Fig. 1 corresponds to a residual resistivity of ρo = 33.8 µΩ-cm. The values 
of the residual resistivity (ρo) for the samples, considered by the authors of Refs. [11], 
[8], [6] and [7] are 0.56, 2.0, 12.5 and 12.5µ Ω-cm respectively, and the corresponding 
values of Tc are 38.6, 38.1, 37.5 and 37.5K.  When we compare these ρo vs Tc values of 
various authors [6-8, 11], along with the present values, it turns out that the lower value 
of Tc in the present case is due to higher   value of ρo.  If superconductivity is caused by 
the electron-phonon interaction, sample disorder will enhance the normal self-energy, 
which in turn, reduces Tc [27].   
Following the two band analysis of the resistivity of Ref. [14] in the present case 
we find that the considered MgB2 sample corresponds to the Debye temperature θD = 
1024K, and to the residual values of the resistivity for σ and pi bands, ρ0,σ = 60.7 µΩ-cm 
and ρ0,pi = 76.2 µ Ω-cm, respectively. 
We now turn to the thermal conductivity κ. It is a sum of the electronic 
contribution κel and the phonon contribution κph. That is to say 
 
    κ
 
= κel + κph                                                                               (1)     
                                                                                                                                                            
First we consider the electronic contribution κel. According to Wiedemann- Franz 
law, for elastic scattering processes, the thermal conductivity is given by 
     
κel = L0T / ρ(T)                                                                           (2) 
 
Here L0 = 2.45x 10-8 WΩK-2 is the Lorenz number, and ρ(T) is the resistivity of                                                                    
the MgB2 sample. Eq. (2) has been used by many workers [6, 8-11, 13, 14] for the 
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estimation of the electronic thermal conductivity. The values of κel, calculated on the 
basis of Eq. (2) are shown in Fig. 2.  It is seen from this figure that κel < κ for only T < 
52K.  As the temperature increases beyond 52K, κel becomes higher and higher than κ 
such that κel = 9.29 W/m K as compared to κ = 3.58 W/m K at 300K.  Since according to 
Eq. (1) κel should not exceed κ at any temperature, Eq. 2 is inadequate for the description 
of the electronic thermal conductivity.  The actual electronic thermal conductivity should 
be considerably smaller e.g. by a factor of more than 2.6 at 300K. This means that the 
Wiedemann- Franz law is drastically affected in the present case. On the other hand this 
law is well applicable for the MgB2 samples MB1 and MB2 considered by Sologubenko 
et al [9]. The main difference between the present MgB2 sample and those of 
Sologubenko et al lies in the much different value of ρo. While the MB1 and MB2 
samples of Sologubenko correspond to ρo< 0.71 and ρo< 1.20 µΩ-cm respectively, the 
present sample correspond to ρo = 33.8 µΩ-cm. 
 One of the possible effect of higher ρo is that the system involves localization 
process. In order to see how far this is possible we note that Sologubenko et al [8] have 
found that the mean free path for ρo = 2.0 µΩ-cm is about 800Å. In the present case ρo = 
33.8 µΩ-cm. So we expect ℓ≈50 Å. Since, the Fermi velocity vF of MgB2 is 
4.9x107cm/sec [8], we obtain kFℓ ≈ 20. This value is large enough to keep the system 
much away from the localization [28]. Another possible effect of large ρo is a movement 
of the mobility edge [28] towards the Fermi level. This will effectively reduce the Fermi 
energy so that the parameter (kBT/EF)2 no more satisfies the condition (kBT/EF)2 << 1. In 
fact, (kBT/EF)2 is the expansion parameter for obtaining the Lorenz number. On the basis 
of pages 217 and 676 of Mahan [29], it may be shown that the first-order correction in the 
expansion parameter (kBT/EF)2 is negative with a magnitude (κel/3)(kBT/EF)2. This means 
that the first-order correction will reduce the Lorenz number. The Fermi energy 
corresponding to the σ band of ρo ≈ 0 µΩ-cm MgB2 is about 0.7 eV or about 8000K [2]. 
Thus in MgB2 the condition for the first-order correction to be negligible demands T2 << 
8000 or T <<90K. This means that even for ρo ≈ 0 µΩ-cm MgB2 the Wiedemann-Franz 
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law will be modified for T ≥ 90K.  Fig. 4 of Putti et al [11] shows that Wiedemann-Franz 
law is modified for ρo < 2.1 µΩ-cm sample even at 50K. Sologubenko et al [9] have 
found that the Wiedmann-Franz law is well satisfied in various MgB2 samples 
corresponding to ρo < 4.17 µΩ-cm for T ≤ 6K. This temperature range and ρo are too low 
to violate the condition (kBT/EF)2 << 1. Also the phonon contribution to thermal 
conductivity for T ≤ 6K is too low since κph ~ T 3 (for low T). Combining all these factors 
we argue that for T ≤ 6K, the first-order reduction to κel and the phonon thermal 
conductivity κph are negligible so that validity of the Wiedmann-Franz law is well 
expected. This is why Sologubenko et al [9] found the Wiedmann-Franz law to be valid. 
When the Fermi energy reduces due to the mobility edge effect in the presence of higher 
disorder in a system [28], the validity of the Wiedmann-Franz law will certainly be 
affected. Thus a reduction of κel by a fraction of 10 or so is possible in MgB2 sample 
involving large amount of (point) defects. 
 In view of the above we describe the electronic contribution to the thermal 
conductivity by    
  κel = Leff T / ρ(T)                                                                             (3) 
 
 such that Leff < L0. We emphasize that the effective Lorenz number Leff corresponds to 
electrons and does not involve the contribution of the phonons. This specification of Leff 
is different from those considered earlier in literature by other authors [9, 10]. Thus in the 
present case we never expect Leff to be larger than L0. 
From the above-mentioned comparison of κel and κ at 300K it may be said that 
Leff should be essentially less than 0.38L0.  For specificity we take two values of Leff, 
0.1L0 and 0.2L0, and then obtain the phonon contribution to thermal conductivity κph from 
Eq. (1) for T > Tc. For T < Tc we use Fig.1 of BRT [21] for estimating values of κel. The 
values of κph obtained in this manner are shown in Fig. 3. 
In order to analyze the phonon thermal conductivity κph we employ the following 
expression [22, 30], which is based on the BRT theory [21] 
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Here t = T/ T
 c is reduced temperature and the scattering rate S(t,x) is given by 
 
             S (t, x) = S1 +  S2 t4x4 +  S3 t2x2  +  S4tx + S5 tx  g(x,∆(t)/ kBtTc) + S6 t4x4                       (5) 
 
Here S1 is, to within a constant (say C), phonon-boundary scattering rate. S2, S3, S4, S5 and 
S6 are to within C the scattering rates of phonon with point defects, sheet like faults, 
dislocation, electrons and phonon respectively [22, 30].  The function g(x,∆(t)/kBtTc is 
defined extensively by Tewordt and Wolkhausen [22]. 
Taking the value of the Debye temperature θD from the analysis of the resistivity 
(θD = 1024K) we have fitted the two sets of κph values of Fig. 3 by Eq. (4).  Various 
parameters are presented in table-I.  We see that the strain field of sheet-like faults 
provides highest scattering rate, while the strain field of dislocations corresponds to 
lowest scattering rate.  The superconducting gap ratio 2∆(0)/kBTc is found to be 3.5, near 
the BCS value [23] for both the values of Leff.  The value of   2∆(0)/kBTc reported in 
literature is as high as 4.3[3]. The large value of disorder in the present case might have 
reduced the gap ratio from 4.3 to 3.5. 
From table-I we find that the contribution of point defects (S2) varies by about 
22% for the variation of Leff from 0.1L0 to 0.2L0.  The corresponding variation for the 
phonon-phonon scattering (S6) is about 10%.  The variations of S1, S3, S4 and S5 are 
negligibly small.  The phonon-phonon scattering is limited to the behavior of phonon 
only.  So we cannot connect it with the electronic carriers.  On the other hand, the point 
defects will scatter the electronic carriers also.  Thus we may say that the drastic 
suppression of the values of κel in the present case from that of the κel values given by 
Wiedemann-Franz law (Eq.2) is due to point defects. Since the non-appearance of hump 
structure in κ below Tc is believed to be due to multigap nature of the superconductivity, 
we may argue that the intensive effect of the point defects has suppressed the pi-gap so 
that there remains only one gap in the present system. When this is so, the reason of the 
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non-appearance of a hump below Tc in the thermal conductivity of the MGB-TS sample 
of Putti et al [10] is that this sample has not yet been reduced to a single gap 
superconductor. 
  
IV. CONCLUSIONS  
 
Before planning the study of this paper we have investigated various possible 
reasons for the missing of a hump structure in the thermal conducting below Tc. The main 
guiding point for MgB2 samples showing hump structure below Tc in the κ vs T behavior 
was believed to convert the multigap structure of the superconducting state to an 
effectively single-gap structure. The trick for performing this task was realized to 
introduce sufficient defects in the system. Since the hump structure appears due to finite 
superconducting gap, and since this gap may also be suppressed by large defects, we 
prefer to prepare a MgB2 system with such defect levels which can provide ρo ≈ 30 µΩ-
cm. The MgB2 sample prepared by us shows a clear hump structure in κ of this sample 
below Tc. 
  We have found that the electronic contribution to thermal conductivity, as 
calculated on the basis of the Wiedemann-Franz law, exceeds the observed thermal 
conducting for T ≥ 52 K. This means that the present sample corresponds to a reduced 
Lorenz number (Leff < 2.45x10-8 W Ω K-2).  Some authors (e.g. Ref. [11]) have found 
such a situation earlier also. In order to analyze the thermal conductivity, we have taken 
two values of the effective Lorenz number, Leff = 0.1L0 and 0.2L0, for estimating the 
electronic thermal conductivity. The reason of such low values of κel has been argued in 
terms of reduced Fermi energy due to mobility edge effect of the defects. In fact, when 
EF reduces the validity of the Wiedemann-Franz law shifts towards much lower value of 
T. 
Having specified the electronic thermal conductivity in a phenomenological 
manner, we have estimated the lattice thermal conductivity κph by using Eq. (1). The two 
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sets of the resulting thermal conductivity have been analyzed in terms of a theory based 
essentially on the Bardeen- Rickayzen –Tewordt formulation. The analysis provides two 
main results. First the gap ratio of the present sample turns out to be 3.5, which is lower 
than that corresponding to the σ band in the clean limit. A possible reason for this is that 
defects have reduced the gap ratio. Another outcome of the analysis of the thermal 
conductivity data is that the drastic reduction of the electronic thermal conductivity is 
driven by the point defects. 
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Table I. 
Values of various scattering rates S1, S2, S3, S4, S5 and S6, and the gap ratio= 2∆(0)/ kBTc 
for the effective Lorenz numbers, Leff = 0.1L0 and 0.2L0. To Within a constant (C), the 
various scattering rates of phonons are with boundary (S1), point defects (S2), strain field 
of sheet like faults (S3), strain field of dislocations (S4), electron (S5) and phonons (S6). 
The units of Si are m K/kW for all i = 1,2,…..6. 
 
 
Leff S1 S2 S3 S4 S5 S6 2∆(0)/ kBTc 
0.1L0 31.3 172 250 21.8 56.2 24.4 3.5 
0.2L0 31.5 221 252 22.1 56.7 26.8 3.5 
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FIGURE CAPTIONS 
 
 Fig. 1: Observed resistivity ρ(T) of the MgB2 sample up to 300K. The upper inset shows 
the X- ray diffraction, and the lower inset shows the magnetization M for T ≤ 45K. 
 
 Fig. 2: Observed thermal conductivity κ of the MgB2 sample from 18K to 300K. The 
dashed line corresponds to the electronic thermal conductivity κel = LoT/ρ(T). The inset 
shows the thermal conductivity near the superconducting transition temperature Tc. 
 
Fig. 3: Values of phonon thermal conductivity κph for Leff = 0.1L0 and 0.2L0. The values 
of κph for T < Tc are obtained by taking κel from Fig.1 of Ref. 17. The symbols 
corresponds to the experimental values, while the solid lines correspond to the values of 
κph calculated according to Eq.(4).  
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Fig. 1 R. Lal et al  
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Fig. 2 R. Lal et al  
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Fig. 3 R. Lal et al 
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